Fluorescent microspheres have been demonstrated to be useful in a variety of biological applications. Fluorescent silica or polymer microspheres have been produced by incorporation of chromophores into the microspheres, which usually produces microspheres with nonuniform sizes and reduced fluorescence. Here we present a simple and straightforward method to produce silica microspheres with fluorescent lanthanide-doped LaF 3 nanocrystals grown on the surface. LaF 3 nanocrystals are in situ grown on silica microspheres of different sizes to form a raspberry-like structure. The microspheres exhibit strong fluorescence and the colour could be altered by changing the lanthanide ions doped in LaF 3 nanocrystals.
Introduction
Microspheres have been widely used for a variety of biological applications such as immunoassays [1] [2] [3] , flow cytometry [4] , bead-based microarrays [3, 5] , etc.
Various encoded microspheres such as silica or polystyrene microspheres doped with different chromophores have been produced for these applications [6, 7] . However, these materials have some limitations due to some problems associated with organic dyes and quantum dots. Organic dyes have inherent drawbacks such as Stokes shift, poor photochemical stability, photobleaching and decomposition under repeated excitation. Quantum dots are relatively more photochemically stable than organic dyes: however, the optical blinking of quantum dots makes them unsuitable for high sensitivity quantitative bioassays [8, 9] . Furthermore, suitable surface modifications are required if quantum dots are used for cell or animal study because of their toxicity [10, 11] .
Lanthanide-doped inorganic nanocrystals seem to be a promising fluorescent material for biodetection due to their good optical properties, good chemical and photochemical stability, low toxicity, etc. Co-doping the absorber and emitter ions into the nanocrystals increases the fluorescence intensity owing to efficient energy transfer from the absorber to the emitter ion [12] [13] [14] [15] [16] [17] . Furthermore, co-doping the same absorber ion and different emitter ions into the nanocrystal provides the possibility for single-wavelength excitation of the nanocrystal with different emission colours, which is valuable for multi-colour biological labelling [18] . The amount of lanthanide ions doped into the nanocrystal and the ratio between different emitter ions can be varied to produce barcoding fluorescent labels with different fluorescence emission spectra. Therefore, it is better to use these nanocrystals instead of organic dyes and quantum dots to label microspheres such as silica.
Most lanthanide-doped nanocrystals are synthesized at high temperature [19, 20] , and are not dispersible in water, which makes it difficult to incorporate them into silica microspheres uniformly.
Furthermore, incorporation of these nanocrystals into the microspheres usually produces microspheres with nonuniform sizes and reduced fluorescence. In this work, we demonstrate a simple, surfactant-free and efficient approach to in situ growing fluorescent lanthanidedoped LaF 3 nanocrystals onto silica microspheres of different sizes to form a raspberry-like structure. Multi-colour silica 
Experimental details

Synthesis of silica/LaF
Tetraethyl orthosilicate (TEOS), lanthanide chlorides and ammonium fluoride were purchased from Sigma-Aldrich (Singapore). All chemicals were used as received without further purification. Synthesis of silica microspheres was carried out following the protocol as previously reported with modification [21] : 11 ml TEOS and 90 ml ethanol were mixed together, stirred for 10 min and then added to a mixture of 50 ml ethanol and 10 ml ammonia hydroxide. The mixture was continuously stirred at room temperature for 17 h. Silica microspheres were collected by centrifugation at 6000 rpm for 5 min and washed three times using ethanol and de-ionized (DI) water. 0.2 M stock solutions of LaCl 3 , CeCl 3 and TbCl 3 in DI water were prepared. 5 mg SiO 2 microspheres were dispersed in 40 ml DI water, and then 4 ml of LaCl 3 solution, 4.5 ml of CeCl 3 solution and 1.5 ml of TbCl 3 solution were added. The solution was sonicated with stirring for 5 min. Then 0.2222 g (0.12 mol) NH 4 F in 10 ml DI water was added and the mixture was subsequently heated to 75
• C for 2 h under stirring. The microspheres were then collected by centrifugation at 6000 rpm for 5 min, and washed three times using DI water. Pure LaF 3 :Ce 3+ , Tb 3+ nanocrystals were also synthesized using the same method (without adding silica microspheres) and used as the control.
Characterizations
Transmission electron microscopy (TEM) measurements were carried out using a JEOL 2010F transmission electron microscope operating at an acceleration voltage of 200 kV. A small drop of the silica/LaF 3 :Ce 3+ , Tb 3+ microsphere solution was put on a carbon-coated copper grid (300 mesh) with the excess solution immediately removed. XRD analysis was carried out on a ADDS wide-angle x-ray powder diffractometer with Cu Kα radiation (40 kV, 40 mA, λ = 1.541 84Å). The fluorescence excitation and emission spectra in the ultraviolet (UV) and visible region were obtained with a RF-5301 PC spectrofluorometer. Fluorescence images were acquired using an Axiostar Plus Microscope (ZEISS) equipped with a Hg excitation lamp and a true-colour digital camera.
Results and discussion
Lanthanide-doped LaF 3 nanocrystals are grown on silica microspheres to form a raspberry-like structure for the following reasons.
Firstly, LaF 3 nanocrystals could be incorporated into silica microspheres to produce fluorescent microspheres: however, it usually produces nonuniform microspheres with reduced fluorescence. It would be better to grow LaF 3 nanocrystals on the surface of the microspheres. Secondly, LaF 3 nanocrystals tend to agglomerate due to large surface area and high surface energy. It could help to reduce the surface energy of these nanocrystals through growing the nanocrystals on silica microspheres. Furthermore, silica microspheres with various sizes (commercially available) could be used to produce fluorescent microspheres with different sizes.
The TEM image of LaF 3 :Ce 3+ , Tb 3+ nanocrystals was given in figure 1(a) . Some agglomerates of the nanocrystals were observed. The nanocrystals had an average size of 25 nm but with a very broad size distribution. Figures 1(b) and (c) showed the fluorescence spectra of LaF 3 :Ce 3+ , Tb 3+ nanocrystals and strong green fluorescence from these nanocrystals under exposure to UV light. The fluorescence was due to the transitions between the f and d electron states of cerium and different f electron states of terbium. Ce 3+ ions absorbed UV light and transferred the energy to Tb 3+ ions and then Tb 3+ ions emitted green light [22] . The emission spectrum showed a typical emission band between 450 and 650 nm corresponding to the 5 D 4 and 7 F J (J = 6-3) transitions of Tb 3+ [23, 24] , and the emission peak with the highest intensity at 542 nm was attributed to the 5 D 4 → 7 F 5 transitions of Tb 3+ . In addition to the typical terbium emission lines, the fluorescence spectrum also showed a rather broad emission band between 300 and 400 nm, which could be assigned to the 4f-5d transitions of Ce 3+ , indicating that the fluorescence emission of Ce 3+ was not completely quenched by Tb 3+ co-doped in the nanocrystals. The green fluorescence from the nanocrystals was very strong and could be clearly seen even when the room light was on. rougher surface in comparison with pure silica microspheres. The nanocrystals covered a majority of the surface to form a raspberry-like structure. The LaF 3 nanocrystals were also grown on 200 nm silica microspheres and the TEM image was given in figure 2(d) . The XRD pattern of the silica/LaF 3 microspheres was given in figure 3 . The diffraction pattern agreed well with the data reported in the standard JCPDS card of pure hexagonal LaF 3 crystals (JCPDS No. 32-0483). The diffraction peaks were a bit broader compared to that of the bulk material, because the material is nanosized. The result also showed that the structure of the nanocrystals was not affected when they were grown on the silica microspheres.
Optical properties of the silica/LaF 3 microspheres were measured by recording the excitation (monitored at 500 nm) and emission (excited at 250 nm) fluorescence spectra of their aqueous solutions at room temperature, as shown in figure 4 . Because silica microspheres were transparent within the wavelength range measured, the fluorescence observed was mainly from the LaF 3 :Ce 3+ , Tb 3+ nanocrystals. The fluorescence spectra of the silica/LaF 3 microspheres were very similar to those of pure LaF 3 :Ce 3+ , Tb 3+ nanocrystals as shown in figure 1 , suggesting that the fluorescence was not affected after the nanocrystals were attached to the silica microspheres.
As such LaF 3 nanocrystals doped with other lanthanide ions could also be attached to the silica microspheres to produce multi-colour fluorescent microspheres.
Two silica microspheres with different sizes were used to grow LaF 3 nanocrystals and their fluorescence was observed using fluorescence microscopy, as shown in figure 5 . The microspheres looked very monodisperse under the microscope and strong green fluorescence was seen from single microspheres. Even for very small silica microspheres with the size of 200 nm, fluorescence from single beads could still be observed. The sizes of the silica microspheres could be varied to produce fluorescent microspheres with different sizes, to cater for different applications. A thin layer of biocompatible chitosan, which consists of amino groups, was coated on the silica/LaF 3 microspheres to render the microspheres biocompatible and provide functional chemical groups for further conjugation of biomolecules (figure 6).
Conclusions
A simple and straightforward method was developed to produce water-dispersible LaF 3 nanocrystals and to grow these nanocrystals on silica microspheres. The silica/LaF 3 microspheres showed a raspberry-like structure with LaF 3 Figure 6 . TEM image of silica/LaF 3 :Ce 3+ , Tb 3+ microspheres coated with chitosan. nanocrystals grown on the surface of the silica microspheres. The microspheres were uniform in size and exhibited a highly strong fluorescence. It was also found that both the fluorescent property and the structure of the nanocrystals were not altered after they were attached to the silica microspheres. Different lanthanide ions could be doped into the nanocrystals to produce multi-colour fluorescent microspheres. Silica microspheres with different sizes (microscale or nanoscale) could be used to produce different size fluorescent microspheres to cater for different bio-applications.
